Zinc oxide, an n-type semiconductor, has been used as photocatalyst for contaminated water purification by organic compounds. The addition of a p-type semiconductor as copper oxide could increase the catalytic efficiency through the p-n junction in order to decrease the electron-hole recombination. In this work, zinc and copper oxides containing 1.0, 3.0, and 5.0 % of copper were prepared by manual grinding, followed by heat treatment at 300ºC during 5 h. The zinc oxide and copper oxide mixture as well as their precursors were characterized by x-ray diffraction, diffuse reflectance, scanning electron microscopy, and x-ray fluorescence. The photocatalytic efficiency was verified by the direct red 80 tetraazodye decolorization using UV radiation under pseudo-first order conditions at natural pH (7.5-8.0) and 30 °C. The highest photocatalytic activity occurred to the semiconductor containing 1.0 % copper oxide, whose decolorization rate constant was equivalent to 6.40×10
INTRODUCTION
The exorbitant water consumption and the generation of large amounts of wastewater from several industrial sectors due to the society lifestyle have caused large problems to the environment during the last three decades. For example, the massive discharge of effluents from the textile industry, especially in the dyeing process, about 20 % of dyes and large amounts of water are discarded into the streams and rivers [1] [2] [3] [4] . Most of the dyes belong to the low cost azo class, with one or more azo (-N=N-) groups bonded to the aromatic groups, which give large stability and then are not susceptible to the treatment by conventional techniques as precipitation, thermal processes, reverse osmosis, and biological treatment 5 . An alternative treatment for these effluents are the advanced oxidation processes, based on the generation of the hydroxyl radical, •OH. This radical is an extremely strong oxidizing agent with high oxidation potential of 2.8 V, short-lived and non-selective oxidation 6 . The heterogeneous photocatalysis mediated by an n-type semiconductor as zinc oxide is one of the most investigated advanced oxidation processes for purification of water contaminated by organic compounds [7] [8] [9] [10] . When the semiconductor absorbs a photon with enough energy, the electron from the valence band is promoted to the conduction band, forming the electron-hole pair. Also, the electron reacts with dissolved O 2 in water and forms the superoxide radical anion. The hole reacts with water, generating the hydroxyl radical that oxidizes the organic material. The electron-hole pair can still recombine and reduce the process efficiency 11 . On the other hand, this recombination could be avoided by means of the n-and p-type semiconductors coupling as ZnO and CuO respectively, generating a depletion zone in the interface, becoming more difficulty the charge return to the ground state 12 . Zinc oxide is non-stoichiometric (Zn 1+δ O) n-type semiconductor with the electrons excess that creates a donor band and favors the electron jump to the conduction band 13 . Conversely, the copper (II) oxide is a p-type semiconductor, due to the high mobility and large number of holes.
14 When it is submitted to the irradiation, it acquires a partial positive charge, generating an acceptor band and becomes more difficult for the electron promotion to the conduction band. 15 Considering that the copper (II) oxide absorbs radiation in the visible region and zinc oxide in the uv region limit, this pair has been applied to generate a semiconductor with p-n heterojunction that absorbs in the UV and Vis regions [16] [17] [18] . To prepare metal oxide composites, several techniques such as hydrothermal [19] [20] [21] , co-precipitation [22] [23] [24] , sol-gel 25 , solution combustion 26, 27 , thermal decomposition 28 , and wet impregnation 29 have been used. So, this work aims to prepare a low cost mixed oxide of zinc and copper from their pure oxides without residues generation, characterize and measure the photocatalytic activity for the decolorization and degradation of the direct red 80 tetraazodye (DR80, Figure 1 ) and compare them with pure zinc oxide. 
EXPERIMENTAL
Zinc and copper oxides mixture containing 1.0, 3.0, and 5.0 % of copper was prepared from the grinding of adequate amounts of ZnO (Nuclear, 99 %, P.A.) and CuO (Synth, 100 %, P.A.) followed by thermal treatment. Both the oxides were added in a gradual and simultaneously way, and triturated in an agate mortar during 1 h. Subsequently the mixture was put into an alumina crucible (Biolab, 50 mL), and placed into a muffle furnace (Marconi MA 385) for 5 h at 300 °C. 30 The oxide powder presented gray color agglomerates. The ZnO/CuO semiconductor was characterized using some techniques such as X-ray diffraction (XRD) in order to determine the crystallinity, using a Rigaku diffractometer D/MAX-2100/PC with the Cu K α (1.5418 Å) radiation, coupled to a nickel filter, in order to eliminate the Cu K β radiation. The applied voltage was 40 kV and the current was 30 mA. The scanning range was from 10 to 80° with a regular step of 0.05° s −1 . The diffuse reflectance UV-Vis spectra (DR) was used to determine the band gap energy by means of a Shimadzu spectrophotometer UV-2600 with diffuse reflectance accessory. The morphology and distribution of the elements were obtained using scanning electron microscopy (SEM) images from a Philips FEI Quanta 200 electron microscope coupled to the energy dispersive spectrometer (EDS). The Zn and Cu oxides proportion was determined by energy dispersive X-ray fluorescence (ED-XRF) spectra from a Shimadzu spectrometer EDX-800HS.
The photocatalysis was performed in a borosilicate glass reactor (200 mL) at 30.0±0.1 °C (Quimis Q214M2) inside a cubic wood chamber (50×50×50 cm) internally covered with aluminum foil and a black curtain in the frontal part. The suspension, formed by 0.225 g semiconductor in 150 mL of 8.0×10 -5 mol L -1 DR80 at 30 ºC, was kept in the dark under stirring (600 rpm Fisatom) during 60 min. Afterward, the Hg vapor lamp without bulb (Osram, 125 W, 220 V) turned on. Aliquots (1 mL) were removed as a function of irradiation time, filtered (Millipore, 0.22 μm), and the remaining azo dye UV-Vis spectra (200-650 nm) were recorded (Hitachi U3000). The rate constant of azo dye decolorization, k obs , under pseudo-first order conditions was determined from the ln of DR80 absorbance (λ max , 522 nm) as a function of irradiation time. (Figures 2d-2f) presented the same ZnO peaks besides a peak at 38.8° indicating the CuO presence (Figures 2e-2f inserts) , whose peak intensity depends on the copper oxide proportion.
RESULTS AND DISCUSSION
The band gap energy (E g ) of the semiconductor was determined by the diffuse reflectance spectrum, varying the wavelength from 200 to 800 nm as a function of the diffuse reflectance proportion. Both the ZnO and the oxides mixtures presented a similar reflectance profile, that is, approximately zero values from 200 to 370 nm, enhanced to approximately 80% reflectance at 400 nm, and remained constant at higher wavelengths. The band gap energy was calculated from Tauc model, through the conversion of the wavelength at electron volts and subsequently using (αhν) 2 , where hν is the photon energy and α the absorption coefficient calculated from the reflectance, R, shown in equation 1 31 .
(2) Figure 3 . Band gap energy determination of zinc oxide through of Tauc model applied to the diffuse reflectance electronic spectrum.
The band gap energy was calculated as being 3.26 eV to the ZnO and three prepared semiconductors. The same value of the band gap energy suggests that the CuO addition at different proportions was not significant to change this property. The band gap energy of pure CuO, determined in this work, was 1.38 eV, while it is given as 1.2 eV in the literature. This difference can be attributed to the black color materials, as CuO, which absorb all the wavelengths and then, making the visualization of the reflectance jump difficult.
The precursor's purity and the percentages of each component of the mixture of zinc oxide and copper oxide were investigated by ED-XRF and presented in Table 1 . From this table it was found that both the ZnO and CuO showed 100.0 % purity. On the other hand, the CuO percentages were 0.9, 2.3 and 3.8 % respectively for the mixtures containing theoretically 1.0, 3.0, and 5.0 %. These deviations were attributed to the preparation method from the oxides grinding, causing in the sample a non-homogeneous precursor´s distribution. Also, it is relevant to point out that this analysis was performed from a single sample, remaining from other analyses carried out in this work. So, these results may have been consequent from a region containing minor CuO amount. Figure 4a and 4b show the energy dispersive spectroscopy of the ZnO containing 3.0 % CuO with 12000× magnitude. Figure 4a displays the copper distribution with irregular oval contour of ~15 mm width and ~10 mm height. On the other hand, Figure 4b shows that the zinc occupied a large proportion of the investigated region. Figure 4c presents the image of this region obtained from the scanning electron microscopy with 12000× magnitude. Knowing that the oxygen covers the same area (not shown) occupied by zinc and copper, it may be concluded that ZnO particles cover the CuO surface, forming an interface between them.
(1) Figure 4 . Electron dispersive spectrometry of copper (a) and zinc (b) distribution, and scanning electron microscopy of the semiconductor containing 3.0 % CuO in the same region (c).
The photocatalytic activity was investigated, measuring the decolorization rate constant (k obs ) of a suspension containing 1.5 g L -1 semiconductor and 8.0×10
-5 mol L -1 direct red 80 tetraazodye as a function of UV irradiation time at 30.0±0.1 °C. The DR80 solution presented an initial absorbance of ~2.0 that stabilized at ~1.7 at 522 nm, after the dye adsorption, on the semiconductor surface in the dark for 60 min. The direct red 80 decolorization rate constant at natural pH (7.5 to 8.0) are presented in Table 2 . , corresponding respectively to 97.9, 94.0 and 88.6 % of decolorization. The increase of 17.4 % in k obs when used 1.0 % CuO, it was attributed to the depletion region formation at the between ZnO and CuO interface, taking into account that, the band gap energy (3.26 eV) was the same for all the oxides. Moreover, in the presence of 3.0 and 5.0 % CuO there were a k obs decrease respectively of 43.1 and 13.3 % in comparison to ZnO. In this case, the CuO addition to the ZnO may change the charge distribution on the semiconductor surface, repelling the negatively charged azodye that becomes more difficult the adsorption on the surface. Therefore, the decrease of k obs for 3.0 and 5.0 % CuO can be attributed to the repulsion effect of the azodye to be higher than the charge separation caused by the depletion zone. Saravanan et al. 29 investigated the degradation of organic dyes using ZnO/CuO proportions from 99:1 to 50:50 and they found the best photocatalytic activities took place for semiconductors containing CuO from 1.0 to 5.0 %. Liu et al. 25 varied the CuO proportion from 0.2 to 1.8 % and found a 90% degradation of acid black, when they used 1.0 % CuO. On the other hand, Chang et al. 20 obtained the largest degradation for 20% CuO, when they varied from 5 to 20% CuO.
CONCLUSIONS
The largest photocatalytic activity, measured by the k obs of the direct red 80 tetraazodye (6.40×10 -2 min -1 ) at 30 °C occurred to the ZnO/CuO semiconductor containing 1.0 % copper oxide, prepared thermally at 300 °C for 5 h in a simple way, resulting in a 97.9 % azodye decolorization in 60 min. This photocatalytic activity was 17.4 % larger in comparison to commercial zinc oxide (5.45×10 -2 min -1 ), attributed to the p-n interface formation.
